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Tbjective: The impact of coronary artery pattern on exercise performance after
he arterial switch operation is unknown. The purpose of this study was to
valuate the relationship between coronary artery pattern and exercise perfor-
ance late after the arterial switch operation.
ethods: Patients who underwent the arterial switch operation and were referred for
xercise stress testing between January of 1996 and April of 2005 were included.
nivariate and multivariate analyses were performed to identify risk factors for
ower maximum heart rate and percent of predicted peak oxygen consumption.
esults: Fifty-three patients were included; 72% were male. The median age at the
rterial switch operation was 5 days (1 day to 3.6 years); 32% had concurrent
entricular septal defect repair. The time from the arterial switch operation to
xercise stress testing was 14.1 years (7.7–20.6 years). There were 37 patients with
he usual coronary artery pattern, and 16 patients (30%) with variant coronary artery
atterns. At exercise stress testing, there was no difference in respiratory exchange
atio (1.16  0.1 for both), indicating similar effort. Compared with patients with
he usual coronary artery pattern, patients with variant coronary artery patterns had
significantly lower maximum heart rate (177  16 beats/min [89% predicted] vs
86  11 beats/min [93% predicted], respectively, P  .04). Percent of predicted
eak oxygen consumption was not significantly different between patients with the
sual coronary pattern and patients with variant coronary artery patterns (89% 
0% vs 80%  17%, respectively, P  .12). In multivariate analysis, variant
oronary artery patterns (P  .03) and ventricular septal defect (P  .004) were
redictors of significantly lower maximum heart rate and were associated with a
rend toward lower percent of predicted peak oxygen consumption (P  .09).
onger follow-up time was the strongest predictor of lower percent of predicted
eak oxygen consumption (P  .001).
onclusions: Variant coronary artery patterns are associated with chronotropic
mpairment, and longer follow-up time is the strongest predictor of diminished
erobic capacity late after arterial switch operation.
he arterial switch operation (ASO) has become the primary surgical approach
used for correction of transposition of the great arteries (TGA).1-4 Compared
with the Mustard and Senning operations, the ASO restores the left ventricle
s the systemic pumping chamber and is associated with improved midterm
utcomes.5-7
Because of variations in coronary anatomy associated with TGA, and the transfer
f the coronary arteries during ASO, much attention has been paid to the relation-
hip between the coronary anatomy pattern and outcome.8-11 In a recent meta-
nalysis, single and intramural coronary patterns were associated with significantly
ncreased all-cause mortality.12 It is not known whether coronary artery pattern
he Journal of Thoracic and Cardiovascular Surgery ● Volume 134, Number 5 1207
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Dmpacts morbidity after ASO. The effect of coronary pattern
n exercise performance after ASO has not been assessed. It
s known that patients with the usual coronary pattern have
normal cardiopulmonary response to exercise after
SO.13 However, the potential for sympathetic denervation
nd alteration in myocardial perfusion as the result of ab-
ormalities in the course of the coronary arteries them-
elves, or more extensive surgical manipulation necessary
or reimplantation, may be greater in those with variant
oronary patterns. The purpose of this study was to compare
emodynamic and metabolic parameters during an exercise
tress test (EST) in patients with variant and usual coronary
rtery patterns and to identify other potential risk factors for
oor exercise performance late after ASO.
aterials and Methods
atient Population
atients who underwent the ASO and were referred for an EST at
ur institution between January of 1996 and April of 2005 were
ligible for inclusion. Those who did not have metabolic measure-
ents performed during EST, had submaximal effort during EST
defined as a maximum respiratory exchange ratio [RER]  1.10
r an increase in RER to  1.40 during the first 2 minutes of the
ecovery phase), had an unknown coronary artery pattern, or had a
nown coronary obstruction were excluded. This study was ap-
roved by our institutional review board.
ata Collection
atient information was collected from our institutional cardiac
atabases. Baseline demographics, diagnoses in addition to TGA,
nd procedures before ASO were obtained from patient charts.
urgical data were collected from operative notes, including
eight, age, and concurrent procedures with ASO. Patients’ cor-
nary artery patterns were also obtained from the operative record
r from the preoperative cardiac catheterization report or clinical
ecord if not delineated in the operative note. Data on reinterven-
ion after the ASO were obtained from the patient chart. Echocar-
iographic data at the time of EST were obtained from our insti-
utional echocardiographic database, including shortening fraction,
egree of aortic and pulmonary insufficiency, and stenosis.
xercise Testing
Exercise protocol. All subjects exercised to maximal volition
sing an electronically braked cycle ergometer (Bosch 601). The
rotocol consisted of 3 minutes of pedaling in an unloaded state
Abbreviations and Acronyms
ASO  arterial switch operation
EST  exercise stress test
RER  respiratory exchange ratio
TGA transposition of the great arteries
VO2  peak oxygen consumption
VSD  ventricular septal defectollowed by a ramp increase in work rate to maximal exercise. The f
208 The Journal of Thoracic and Cardiovascular Surgery ● Novteepness of the ramp protocol was designed to achieve the sub-
ects’ predicted work rate in 10 to 12 minutes of cycling time.
Cardiac monitoring. A 12-lead electrocardiogram (Marquette
ase-12 Milwaukee, Wis) was obtained at rest in the supine,
itting, and standing positions. A 12-lead electrocardiogram was
btained during each minute of exercise and the first 10 minutes of
ecovery. Cardiac rhythm was monitored continuously throughout
he study.
Metabolic measurements. Metabolic data were obtained through-
ut the exercise study and for the first 2 minutes of recovery on a
reath-by-breath basis using a metabolic cart (Sensor Medics, Yorba
inda, Calif). Parameters measured included minute oxygen con-
umption, minute carbon dioxide production, minute ventilation,
nd RER (minute carbon dioxide production/minute oxygen con-
umption). Ventilatory anaerobic threshold was measured by the
-slope method. Data were compared with healthy age and sex-
atched children using a similar exercise protocol as reported by
ooper and colleagues.14
tatistical Analysis
ontinuous variables are expressed as mean and standard devia-
ion, or median and range, where appropriate. Univariate analysis
sing the Student t and Fisher exact tests was performed to
ompare baseline demographic and surgical data, and echocardio-
raphic and EST data in patients with usual versus variant coro-
ary pattern. The Fisher exact test was also performed to compare
he proportion of patients with a maximum heart rate less than 85%
redicted in the usual versus variant coronary pattern groups. In
ealthy children of all ages performing a bicycle ergometer pro-
ocol, the maximum heart rate expected is approximately 200
eats/min with a standard deviation of 7 beats/min. Therefore,
atients with a heart rate less than 85% predicted (or a heart rate
f 170 beats/min) have a maximum heart rate more than 3 standard
eviations below the predicted normal value.15,16 Multivariate
nalysis was performed using stepwise linear regression to identify
redictors of lower maximum heart rate and percent of predicted
eak oxygen consumption (VO2). All variables that reached sta-
istical significance in the univariate analysis, as well as in the
ariant coronary pattern, were used in the multivariate analysis.
ll P values were 2-sided.
esults
atient Population
ixty-four ASO patients performed ESTs at our institution
etween January of 1996 and April of 2005. Eleven patients
ere excluded for the following reasons: submaximal EST
n  5), no metabolic measurements (n  3), unknown
oronary artery pattern (n  2), and known coronary ob-
truction (n  1). The remaining 53 patients comprise our
tudy cohort.
oronary Pattern
he majority of patients (n  37, 70%) had the usual
oronary pattern seen in TGA, where the right coronary
rtery arises from the right and posterior facing sinus, and
he left coronary artery arises from the left and anterior
acing sinus before branching into the left anterior descend-
ember 2007
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Dng and left circumflex coronary arteries.17 The remaining
6 patients (30%) had variant coronary patterns: circumflex
rom right coronary artery (n  6), inverted right coronary
rtery and circumflex (n  1), and single and/or intramural
oronary artery (n  9).
opulation Characteristics
aseline data for the entire cohort and for those with the
sual and variant coronary patterns are shown in Table 1.
he majority of patients were male, underwent the ASO in
he neonatal period, and had a balloon atrial septostomy
erformed before surgery. One patient with TGA and ven-
ricular septal defect (VSD) who underwent balloon atrial
eptostomy as a neonate did not undergo the ASO until age
years. At the time of ASO, 37% of patients underwent
oncurrent procedures. In the group with the usual coronary
attern, 12 patients (32%) underwent concurrent proce-
ures, including VSD closure (n  11) and pulmonary
rtery band takedown (n 1). In the variant coronary artery
attern group, 8 patients (50%) underwent 15 concurrent
rocedures: VSD closure (n  6), arch augmentation (n 
), pulmonary artery augmentation (n  3), Aubert proce-
ure (n  2), and pulmonary artery band takedown (n  1).
There was no statistical difference between those with
sual versus variant coronary artery patterns for any of the
aseline characteristics listed in Table 1, with the exception
f reintervention after ASO. In the group with the usual
oronary artery pattern, 12 patients (32%) underwent 17
ABLE 1. Population characteristics
Overall (n  53)
edian age at ASO 5 d (1 d-3.6 y)
ale 38 (72%)
SD 18 (34%)
alloon atrial septostomy 39 (74%)
ulmonary artery band 2 (4%)
oncurrent surgery w/ASO 20 (37%)
eintervention 23 (43%)
SD, Ventricular septal defect; ASO, arterial switch operation; NS, not sig
ABLE 2. Baseline data at the time of exercise stress test
Coronary pattern
Usual (n  37) Variant (n  16)*
ollow-up time 14.1 3.1 y 13.5 4.0 y
ge at EST 14.2 2.9 y 13.5 3.9 y
eight 54.6 17.1 kg 48.8 14.3 kg
MI 20.4 3.7 20.4 3.0
esting heart rate 74 12 75 8
ST, Exercise stress test; BMI, body mass index. *All P  not significant
ersus usual coronary pattern. o
The Journal of Thoraciceinterventions, including reoperation or catheter-based pro-
edure for pulmonary stenosis (n  11), surgical relief of
upravalvar aortic stenosis or arch obstruction (n 3), atrial
eptal defect closure (n  2), and coiling of a bronchial
ollateral (n  1). In the group with variant coronary artery
atterns, 11 patients (68%) underwent 16 reinterventions
P  .02 vs usual coronary pattern group), including reop-
ration or catheter-based procedure for pulmonary stenosis
n 9), surgical relief of supravalvar aortic stenosis or arch
bstruction (n  3), and atrial septal defect closure (n 
). No patient in either group underwent coronary artery-
elated reintervention.
aseline Data at Exercise Stress Test
aseline data at the time of EST are displayed in Table 2.
he median time from ASO to EST was 14.1 years (range
.7–10.6 years) and was similar between those with usual
ersus variant coronary artery patterns. There was also no
ifference between coronary groups in age at EST, body
abitus, or resting heart rate (Table 2).
Coronary pattern
Usual (n  37) Variant (n  16) P value
5 d (1 d-3.6 y) 5 d (3-14 d) NS
28 (76%) 10 (63%) NS
11 (30%) 7 (44%) NS
28 (76%) 11 (69%) NS
1 (3%) 1 (1%) NS
12 (32%) 8 (50%) NS
12 (32%) 11 (68%) .02
nt.
ABLE 3. Predictors of exercise performance
P value
Univariate Multivariate
ower maximum heart rate
VSD .009 .004
Variant coronary pattern .04 .03
Lower raw VO2 .001
Lower percent predicted VO2 .004
Concurrent procedure w/ASO .02
ower percent predicted VO2
Longer follow-up time .001 .001
VSD .03 .05
Variant coronary pattern .1 .09
Lower maximum heart rate .004
Concurrent procedure w/ASO .007
SD, Ventricular septal defect; ASO, arterial switch operation; VO , peak2
xygen consumption.
and Cardiovascular Surgery ● Volume 134, Number 5 1209
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Dchocardiographic Data at Exercise Stress Test
chocardiographic data were available in 24 patients with
he usual coronary artery pattern and in 10 patients with
ariant coronary patterns (total n  34/53 64%). The 19
atients without echocardiographic data were primarily fol-
owed at other institutions. The median time from EST to
chocardiogram was 2 months (range 0–30 months), with
1% of the echocardiograms performed within 1 year of
ST. Shortening fraction was similar in both those with
sual and variant coronary patterns (36%  4% vs 34% 
%). One patient in both the usual and variant coronary pattern
roups had moderate or more aortic insufficiency (4% vs
0%). Four patients with the usual coronary pattern had mod-
rate or more pulmonary insufficiency compared with 1 patient
n the variant pattern group (17% vs 10%). No patients in the
sual coronary group had aortic stenosis. One patient in the
ariant coronary group had aortic stenosis with a peak gradient
f 40 mm Hg. Ten patients (42%) in the usual coronary pattern
roup had pulmonary stenosis (mean gradient 32  11 mm
g) compared with 5 patients (50%) in the variant coronary
roup (mean gradient 40  11 mm Hg).
eak Exercise Data at Exercise Stress Test
eak exercise data at the time of EST in those with the usual
nd variant coronary patterns are shown in Figure 1. There
as no difference in RER between the 2 groups (1.16 0.1
or both), indicating similar effort. Compared with patients
ith the usual coronary artery pattern, patients with variant
oronary artery patterns had a significantly lower mean
aximum heart rate (177  16 beats/min [89% predicted]
s 186  11 beats/min [93% predicted], P  .04). In the
ariant coronary group, 6 of 16 patients (38%) had a max-
mum heart rate that was less than 85% predicted versus 4
f 37 patients (11%, P  .05) in the usual coronary group.
ean maximum work rate was also lower in patients with a
ariant coronary artery pattern (2.5  0.6 watts/kg [85% 
8% predicted] vs 3.0  0.6 watts/kg [99%  24% pre-
icted], P  .02). Although raw VO2 was lower in those
igure 1. Peak exercise data. HR, Heart rate; VO2, oxygen con-
umption; NS, not significant.ith a variant coronary artery pattern (33 8 mL/kg/min vs f
210 The Journal of Thoracic and Cardiovascular Surgery ● Nov8  9 mL/kg/min (P  .03), percent predicted VO2 was
ot significantly different between the 2 groups (80% 
7% vs 89%  20%, P  .12).
redictors of Exercise Performance
redictors of lower maximum heart rate and percent pre-
icted VO2 are shown in (Table 3),. In multivariate analysis,
ariant coronary artery pattern (P  .03) and VSD (P 
004) were independent predictors of significantly lower
aximum heart rate. Longer follow-up was the strongest
redictor of lower percent predicted VO2 (P  .001) in
ultivariate analysis. The presence of a VSD (P  .05) and
ariant coronary pattern were associated with trends toward
ower percent predicted VO2 (P  .09).
schemia With Exercise
hree patients had ST changes noted on the electrocardio-
ram during their EST. Two patients had a variant coronary
attern, 1 patient had a subsequent normal coronary angio-
ram, and 1 patient is scheduled for cardiac magnetic res-
nance imaging to evaluate the coronary arteries. The third
atient with ST changes during EST had the usual coronary
attern and a normal coronary angiogram.
iscussion
his study demonstrates that variant coronary artery pat-
erns in patients with TGA are associated with chronotropic
mpairment late after ASO. The presence of a VSD was also
ssociated with chronotropic impairment in this population.
onger follow-up time was the strongest predictor of im-
aired aerobic capacity after ASO.
The ASO is associated with low mortality and improved
idterm outcomes compared with atrial level repairs for
GA.5-7 Attention has now turned to evaluation of long-
erm outcomes after ASO. Given the variations in coronary
natomy associated with TGA, and the transfer of the cor-
nary arteries during ASO, several studies have evaluated
he relationship between the coronary anatomy pattern and
utcome, with mixed results.8-11 In a recent meta-analysis,
ingle and intramural coronary patterns were associated
ith significantly increased all-cause mortality.12
This study evaluated the impact of coronary pattern on
orbidity late after ASO, specifically on exercise perfor-
ance. We demonstrated that variant coronary patterns
ere associated with chronotropic impairment late after
SO. Previous studies have shown that a subset of patients
ith the usual coronary pattern have chronotropic impair-
ent, but variant coronary patterns were not evaluated.13
imilarly, patients with other types of congenital heart de-
ects, such as tetralogy of Fallot, who require significant
reat artery surgery, or cardiac transplant recipients, who
requently require transection of the great arteries as a part
ember 2007
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Df their repair, show evidence of postoperative chronotropic
mpairment with exercise.18,19
In the TGA population, Kondo and colleagues20 demon-
trated sympathetic denervation, followed by variable de-
rees of reinnervation in TGA patients following ASO. The
egree of reinnervation correlated with chronotropic re-
ponse to exercise. The impact of variant coronary pattern
as not analyzed in this study; however, it is possible that
reater dissection is needed during surgery to mobilize and
ransfer variant coronary arteries, which may impact the
egree of denervation and reinnervation postoperatively.
lternatively, the sympathetic innervation pattern itself may
e altered in patients with variant coronary patterns.
It is unclear whether the chronotropic impairment in
atients with a variant coronary pattern in our study signif-
cantly affects their quality of life at present. However, it
ay be a poor prognostic indicator as we follow these
atients into adulthood. A recent study of adult patients with
ongenital heart disease found that an abnormal heart rate
esponse to exercise was associated with increased mortal-
ty.21 Thus, close follow-up and further investigation of the
mpact of chronotropic impairment in patients with TGA
nd a variant coronary pattern is warranted.
The presence of a VSD was also a significant predictor of
hronotropic impairment in multivariate analysis. This has
lso been shown in patients after isolated repair of a VSD,
he reason for which is unclear.22 It should be noted that in
ur study, patients with variant coronary patterns underwent
greater variety of concurrent procedures performed at the
ime of ASO and reinterventions after ASO. Concurrent
urgery at the time of ASO was a predictor of chronotropic
mpairment in univariate analysis, but it was not signifi-
antly associated with heart rate in multivariate analysis.
one of the reinterventions performed after ASO were
oronary-artery related, and reintervention was not associ-
ted with a lower maximum heart rate in univariate or
ultivariate analysis.
Variant coronary patterns and VSD were also associated
ith a trend toward lower maximal oxygen consumption in
ur study. However, the strongest predictor of lower VO2
as a longer duration of follow-up. Follow-up time was not
ound to be associated with VO2 in a previous study of
atients with TGA after ASO; however, the duration of
ollow-up was shorter in this study.13 There are several
ossible reasons for the association of lower VO2 with
onger follow-up time. Because the majority of patients
ndergo ASO early in the neonatal period, follow-up time is
irectly related to the era of surgery. It is possible that
ndergoing ASO early on before refinements in cardiopul-
onary bypass and myocardial protection techniques had a
egative impact on cardiac function, manifesting as poor
xercise performance over the long term. However, only 1
atient in our study population had a shortening fraction less a
The Journal of Thoracichan 28%; the rest had a shortening fraction within normal
imits. Thus, it may be that the length of follow-up after
SO, rather than the time of ASO itself, is more strongly
elated to exercise capacity. There are several reasons for
his. It is known that patients with TGA have an abnormal
oronary flow reserve after ASO, usually without signs of
rank ischemia.23 It is possible that these subtle abnormal-
ties in coronary flow may alter the balance between myo-
ardial oxygen supply and demand, such that exercise ca-
acity is reduced. Alternatively, the association of longer
ollow-up with lower VO2 in patients who undergo the ASO
ay be due to physical deconditioning. A recent study
valuated the physical activity patterns of 50 children 7 to
4 years after the ASO and found that these patients en-
aged in significantly less moderate and vigorous physical
ctivity than those who had undergone repair of an atrial
efect or VSD, compared with age-matched healthy chil-
ren.24 Although clinic letters did not indicate any restric-
ion to activity, the baseline activity of the patient popula-
ion in our study was not assessed. Because physical
nactivity is known to be associated with poor cardiovascu-
ar health, we believe it is of utmost importance to empha-
ize regular physical activity in the population who undergo
he ASO, given that the long-term function of their coronary
rteries remains unknown.
imitations
his study was a retrospective review of patients who
nderwent the ASO and were referred for EST at a single
nstitution, and it may be subject to selection bias. Patients
n this study are likely to be at the most complex end of the
linical spectrum, as evidenced by the frequency of reinter-
ention, and results may not be applicable to all patients
ho undergo the ASO. Not all patients had echocardio-
raphic data available at the time of EST, and baseline
ctivity levels and patient quality of life were not assessed
n this study.
onclusions
variant coronary artery pattern in patients with TGA is
ssociated with chronotropic impairment late after ASO.
lose follow-up of these patients and further investigation
nto the mechanism and impact of chronotropic impairment
n this population are necessary, because an abnormal heart
ate response to exercise is known to be associated with
ncreased mortality in adults with congenital heart disease.
onger follow-up time was the strongest predictor of di-
inished aerobic capacity in the overall cohort, in the
bsence of significant residual cardiac disease. This sug-
ests a greater emphasis on physical activity and condition-
ng may be necessary as we follow patients with TGA into
dulthood.
and Cardiovascular Surgery ● Volume 134, Number 5 1211
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